binding partners in cells, as well as large-scale identifiknown to associate with 14-3-3s (see notes in Table 1 ). Furthermore, control experiments indicated that antication of potential 14-3-3 ligands by in vitro affinity chromatography, has revealed a number of diverse polypepFlag precipitates from parental HEK293 cells had little background. As a positive control, Flag-14-3-3␥ immutides that can potentially associate with 14-3-3 proteins [14, 15] .
noprecipitates were eluted with a GST fusion containing a 20 amino acid peptide (R18) that binds to the 14-3-3 Here, we have used a direct proteomic analysis of 14-3-3␥ binding proteins in HEK293 (human embryonic phosphopeptide recognition pocket and displaces associated phosphoproteins [17, 18] . The proteins eluted kidney) cells. Our results identify in vivo 14-3-3 binding partners that are associated with a remarkable range by Flag or R18 peptides were largely identical, except that both bait and endogenous 14-3-3 proteins were of cellular activities but show only partial overlap with previous proteomic analysis of in vitro 14-3-3 targets.
absent from the R18 eluate, as anticipated ( Figure S2 ). This observation, taken with the finding that treatment To understand this large volume of information, we have developed a domain-based clustering approach that of cells with Calyculin-A (an inhibitor of the PP1 and PP2A phosphatases) increased the overall binding of identifies and visualizes multiple subsets of 14-3-3 binding proteins. A significant group of 14-3-3 binding procellular proteins to 14-3-3␥ (data not shown), indicates that the majority of proteins are associated with 14-3-3 teins distinguished through this approach is involved in control of the cytoskeleton. We have employed a cellthrough pSer/Thr recognition. based approach to analyze the general role of 14-3-3 proteins in controlling cell morphology. We also de-
Domain-Based Cluster Analysis Identifies Related scribe a specific cytoskeletal regulator, AKAP-Lbc, that
Sets of 14-3-3-Associated Proteins was identified in tandem proteomic and biochemical Peptides identified by MS/MS analysis were assigned screens for 14-3-3 binding partners that are also scafto specific protein GI (GenInfo Identifier, National Center folds and substrates for basophilic kinases. Activation for Biotechnology Information [NCBI]) numbers; these of the Rho GTPase by AKAP-Lbc is regulated by 14-3-3 were filtered, and redundancies were removed primarily in a cAMP-dependent manner.
based on their LocusID numbers (see Supplemental Experimental Procedures for details) (Tables 1 and S3 ). In total, we identified 170 unique 14-3-3␥-associated Results and Discussion proteins implicated in a broad range of cellular activities; only a few of these proteins are potentially nonspecific Isolation of 14-3-3 Protein Complexes from HEK293 Cells (proteins also identified in control ␤TrCP immuoprecipitates are marked in Table 1 ). All identified proteins HEK293 cells were transiently transfected with plasmids encoding Flag-tagged human ␣/␤, /␦, ␥, or / isoforms were characterized according to GO (Gene Ontology Consortium, http://www.geneontology.org/) categories of 14-3-3. 14-3-3 complexes were isolated with immobilized anti-Flag antibodies, and the associated proteins that define their biological and molecular functions [19] , as indicated in Figure 1 and Table 1 . The largest group were released upon incubation with a Flag peptide. These protein mixtures were separated by gel electroof 14-3-3-interacting proteins is involved in cellular communication and signal transduction (45%). Significant phoresis, stained with colloidal Coomassie blue dye ( Figure S1 in the Supplemental data available with this numbers of 14-3-3 targets are also implicated in cellular organization (10%), energy and metabolism (3%), and article online), excised, and digested with trypsin. The resulting peptides were analyzed by LC-tandem mass nucleic acid synthesis and processing (15%), among others. A schematic summary of the 14-3-3-associated spectrometry (MS/MS) and assigned to specific proteins with the Mascot search engine. As shown in Table S1 , proteins that fall into each of these functional categories, with further annotation of their molecular function, is many proteins were identified in association with each isoform (␣/␤, 71; ␥, 127; /, 19; and /␦, 26), with Flagpresented in Figure 1 . This figure also identifies a significant proportion (approximately 60%) of proteins that 14-3-3␥ yielding the largest number of interactions. To avoid problems of overexpression associated with trancontain a 14-3-3 mode 1 binding consensus [20] (for details, also see Table S2 ). sient transfection, we isolated a HEK293 cell line that stably expresses Flag-14-3-3␥ at a level similar to that of This analysis indicates that 14-3-3 interacting proteins potentially amount to approximately 0.6% of the human endogenous isoforms (data not shown) for subsequent analysis.
proteome, suggesting pleiotropic functions for 14-3-3 proteins in cells. We have taken advantage of the moduThe most prominent Flag-14-3-3␥ binding partners identified by LC-MS/MS in this stably expressing cell lar nature of cell regulatory proteins to obtain an overarching view of 14-3-3-mediated interactions and to exline were the seven endogenous 14-3-3 isoforms ( Figure  S2 ), consistent with the ability of 14-3-3 proteins to form plore whether this large number of proteins can be further grouped into functional or structural subsets. To homo-and heterodimers [16] . The immunopreciptation approach can therefore capture proteins that interact this end, we employed a hierarchical clustering approach, commonly used to analyze and visualize minot only with ectopic Flag-14-3-3␥, through either direct or indirect association, but also with endogenous 14-3-3 croarray data, by grouping genes according to similarities in their expression patterns [21] . For our purposes, isoforms. Several observations suggest that the 14-3-3-associated proteins detected in this screen are biologiwe identified interaction and catalytic domains present in each 14-3-3 binding protein, as predicted by SMART cally relevant. In addition to a large set of novel 14-3-3 partners, we isolated a significant fraction of proteins (Simple Modular Architecture Research Tool) and Pfam (Figures 2 and S3-S8) .
In this map (Figure 2) , individual proteins are shown FIP, and RCP regulate membrane recycling, and kinesin and dynein govern motor activity, whereas 53BP2, on the horizontal axis and are colored according to their functional GO annotation, with a dendrogram (generated hsRAD50, and C-NAP1 control DNA and chromosome stability [28, 29] . A frequent element of these proteins by TreeView programming [21] ) that reflects the phylogenic order of proteins and domains in the cluster map.
is the presence of contractile domains (i.e., Myosin tail 1 and MAD domains).
Proteins with a closely related set of modular domains, such as protein kinases or PH domain-containing pro-
This analysis shows that a significant fraction of 14-3-3-associated proteins can be grouped into subsets teins, will cluster together in the horizontal dimension. In signal transduction, we identified 18 protein Ser/Thr as well as heterotrimeric G protein signaling, by phospho-dependent 14-3-3 interactions. kinases and 24 molecular adaptors, as well as several serine/threonine phosphatase components and a phos-14-3-3s bind metabolic proteins [8] , notably phosphorylated 6-phosphofructo-2-kinase (6PF-2-K), which phatidylinositol (PI) 5Ј-phosphatase [30], suggesting that 14-3-3 proteins regulate the balance of cellular procontains an N-terminal kinase domain and a C-terminal phosphatase domain (PGAM). In addition to 6PF-2-K, tein and lipid phosphorylation through association with both kinases and phosphatases. Of interest, we obtained we found a novel 14-3-3-associated protein, MGC5352 (listed under "unclassified" in Table 1 Table S2 ). both heterotrimeric and monomeric G protein-dependent signaling (Table 1) . Among these are proteins that 14-3-3-Associated Proteins in Regulation of the Cytoskeleton and Cell Polarity directly regulate G i␣ , and 14 guanine nucleotide exchange factors (GEF) and GTPase activating proteins As noted, numerous proteins identified in this screen are involved in regulation of the actin cytoskeleton, polarity, (GAP) for Rho, Arf, and Rap GTPases. In addition, we have found small-GTPase effector proteins, including focal adhesions, and endocytosis (summarized in Figure  5A ). Cell polarity and asymmetric cell division are conRab GTPase targets, and Rho family-dependent protein kinases such as PRK2/PKN␥ and PAK1/4. These data trolled by a conserved network of interacting proteins, identified genetically in C. elegans as the products of argue for significant control of small-GTPase pathways, complex were found to associate with 14-3-3␥ (Table 1 and Figure 5A ). These proteins have functions in protein We also identified novel 14-3-3-associated proteins directly involved in regulating actin polymerization and trafficking, the formation of focal adhesions, and cell motility [27, 47] . Taken with the identification of multiple branching through their ability to interact with WAVE isoforms, which in turn bind the Arp2/3 complex. These
Rho GTPase regulators and microtubule-associated proteins, these data indicate that 14-3-3 proteins may can recruit proteins such as Nck, N-WASP, and Arp2/3 to sites of actin assembly through viral gene products play a direct role in multiple facets of cellular architecture ( Figure 5A) . [49] . We propose that inhibition of 14-3-3 interactions with associated actin regulatory proteins, such as those identified by proteomic analysis, may underlie the efIn Vivo Inhibition of 14-3-3 Phosphopeptide Binding Modifies Membrane Dynamics fects of the R18 peptide. 14-3-3 activity does not appear essential for mainand Cell Shape To explore the role of 14-3-3 proteins in cellular morpholtaining tight junctions ( Figure 5D ). However, to assess whether blocking 14-3-3 binding impairs the establishogy, we examined the effects of blocking 14-3-3 phosphopeptide binding activity in vivo. This was accomment of these cellular structures, we depolarized the R18- Wild-type (WT) or mutant AKAP-Lbc proteins were then expressed and immunoprecipitated from HEK293 We have recently shown that AKAP-Lbc is phosphorylated by its own pool of anchored PKA [54] . We detected or COS-7 cells, and immune complexes were blotted for 14-3-3. The S1565A mutation strongly reduced both two prominent PKA phosphorylation sites located between residues 1388 and 1922 and residues 2337 and basal and forskolin/IBMX-induced 14-3-3 interaction with AKAP-Lbc ( Figure 7C ). Collectively, these data 2817 of AKAP-Lbc by screening GST fusion proteins that encompass overlapping regions of the anchoring identify Ser1565 of AKAP-Lbc as a specific phosphodependent 14-3-3 binding site, modified by PKA in vivo. protein ( Figures 6B and 6C, both panels) ratio of active GTP bound RhoA to inactive GDP bound 2), whereas the S1565A mutant was unaffected by elevated cAMP and attendant PKA activation ( Figure 8B ). RhoA by using NIH 3T3 cells transfected with WT AKAPLbc or the S1565A mutant. We measured the state of In both sets of experiments, the expression of WT and S1565A mutant proteins was equivalent (data not shown). Rho activation by using a RhoA-Raichu probe [55] 
